This study was focused on how different operating conditions affected the biodegradation of naphthenic acids (NAs) and the microbial community architectures in an anoxic-aerobic membrane bioreactor (MBR) for oil sands process-affected water (OSPW) treatment. After 442 days of continuous optimization, a supplemented NH 4 -N concentration of 25 mg L À1 and a hydraulic retention time (HRT) of 12 h demonstrated the best removal rates of total classical NAs (37.6%) and total oxidized NAs (23.9%). Neither higher HRTs nor higher supplemented NH 4 -N concentrations resulted in a better overall removal of NAs. In addition, NAs with larger carbon numbers were generally better degraded, whereas higher cyclicity tended to lessen the biodegradability of NAs. MiSeq sequencing analysis disclosed that orders under Proteobacteria (i.e., Rhodocyclales, Burkholderiales and Nitrosomonadales), Bacteroidetes (i.e., Cytophagales, [Saprospirales] and Flavobacteriales), and Nitrospirae (i.e., Nitrospirales) were the major microbes over the whole study though their relative abundances varied. The results of this study provide insightful information for future studies and application of biological processes for OSPW treatment on a large scale.
Introduction
Due to the huge water demand (3.1 barrels of water per barrel of bitumen produced) in the modied Clarke caustic hot water extraction process in the oil sands industry, the total area of existing tailings ponds (storing oil sands process-affected water, OSPW) in Canada reached 182 km 2 (including associated structures) by the year 2013. 1 Among all the organic acids in OSPW, naphthenic acids (NAs) have been reported as the major contributors to OSPW toxicity and persistency. They are known to be acutely toxic to a range of organisms, including microorganisms, algae, vertebrates and invertebrates. [2] [3] [4] [5] Therefore, NAs are regarded as the target pollutants that need to be treated urgently. [6] [7] [8] [9] NAs are a wide group of aliphatic and alicyclic, alkylsubstituted carboxylic acids with a generalized formula C n -H 2n+z O x , in which n refers to molecular carbon number, z is zero or a negative even integer indicating hydrogen deciency caused by the formation of rings or double bond equivalents, 4, 10 and x refers to the number of oxygen atoms. Species with x ¼ 2 are referred to as classical NAs, while those with x $ 3 are termed oxidized NAs (oxy-NAs).
11 It has been estimated that more than 20 000 individual NAs are potentially associated with OSPW. 12 Hanging on the ore composition, extraction processes, the tailings age and quantication approaches, the NAs concentrations reportedly varied greatly within the range of 20-120 mg L À1 . 3, [13] [14] [15] It has been suggested that NAs with a carbon number n # 21 and/or linearly grouped carbon rings may be more toxic in OSPW; 4, [16] [17] [18] whereas NAs with ring structures tend to be more persistent in environment.
2 It is, therefore, desirable to remove NAs from OSPW to mitigate its environment impact.
It is suggested that biodegradation is responsible for the natural, but slow dissipation of NAs in tailings ponds. 19 However, the in situ biodegradation half-lives of NAs are within a range of 12.8-13.6 years. 20 To accelerate the biodegradation of OSPW NAs, it is crucial to develop engineered biological processes that are efficient in mitigating OSPW organic compounds. Choi and Liu performed a study on the treatment of OSPW by using two sequencing batch reactors (SBRs) and achieved an acid extractable fraction (AEF) removal rate of 8.7% and 16.6% at a hydraulic retention time (HRT) of 24 h with the inoculation of activated sludge and mature ne tailings (MFT), respectively. 6 Hwang et al. reported that 13.8% of OSPW AEF and 18.5% of the OSPW parent NAs were eliminated by OSPW indigenous microorganisms in a biolm reactor with an HRT of 19 h. 7 Hence, it is suggestive that disparate reactor congura-tions have different capabilities in degrading OSPW organic substances. 6, 21, 22 Membrane bioreactor (MBR) is nding wider application for municipal and industrial wastewater treatment because of its compactness, high treatment capacity, low sludge production and excellent effluent quality. 23, 24 To investigate the feasibility of MBR for OSPW treatment, an anoxic-aerobic MBR system was performed at an HRT of 48 h, and attained an OSPW NA removal of 25% aer the startup period (day 1-425). 25 To further improve its performance for OSPW treatment, more effort is needed to optimize the operating conditions.
HRT is one of the essential parameters in MBR operation. It not only affects the extent to which the target contaminants are degraded, 26 but also profoundly impacts membrane fouling development. 27, 28 Longer HRTs are usually required for industrial wastewater, especially those containing complex organic contaminants. 29 However, the effect of HRT on the degradation of organic pollutants was still unclear as indicated by some studies. 28, [30] [31] [32] On the other hand, a shorter HRT is favorable as it reduces the required reactor volume (less investment) for the same treatment capacity. In addition, HRT has an indirect yet profound impact on membrane fouling through altering of sludge properties (i.e., the concentration of mixed liquor suspended solids (MLSS), the production of extracellular polymeric substances (EPS) and the viscosity of sludge). [33] [34] [35] Due to increased membrane ux, shortened HRTs usually result in severer membrane fouling, 27, 28, 33 which could increase the operating cost substantially. Therefore, a balance between contaminant removal and operation cost must be considered for HRT selection.
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Further, ammonia monooxygenase (amo) produced by ammonia oxidizing bacteria (AOB) is able to degrade a wide spectrum of refractory organic substrates (including hydrocarbons) through co-metabolism. [36] [37] [38] [39] [40] Nitriers are not necessarily stimulated by higher ammonium nitrogen (NH 4 -N) concentrations as free ammonia (FA) is inhibitory to many microbial activities including nitrication. 41 Given the alkaline nature of OSPW, the effect of FA should not be ignored. Therefore, it is needed to nd out an optimal supplemented NH 4 -N concentration to maximize the MBR's performance of NA degradation.
The objectives of this study were: (1) to explore the optimal operation conditions to improve the MBR's NA degradation efficiency; and (2) to characterize the microbial community structure in the MBR with the aim of uncovering the most effective bacterial groups associated with NA removal. According to our literature search, this is the very rst study evaluating the performance (particularly the biodegradation of classical and oxy-NAs) and characterizing the microbial communities of an MBR for OSPW treatment under various operating conditions.
Methodology

Source waters, external carbon source and supplemented nutrients
The OSPW was collected from the same tailings pond in Northern Alberta region. The OSPW used for the optimization operation had a pH of 8. 4 were added in the feed water. To avoid undesirable microbial growth in the feed tank, the stock solution of external C source, and the stock solution of external N (to achieve equivalently 75 mg N per L in the feed) and P (to achieve equivalently 10 mg P per L in the feed) source were continuously injected in the MBR at a pre-set rate by using a syringe pump (KDS Infusion Pump, Model 220, KDS Scientic Inc., USA).
MBR conguration and operating conditions
The conguration of the MBR is illustrated in Fig. S1 . † Detailed description on the system conguration, biomass inoculation and acclimatization is available elsewhere.
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Dissolved oxygen (DO) concentrations in the anoxic tank and the aerobic tank were maintained at a level of <0.3 mg L À1 and >4.0 mg L À1 , respectively. The retentate in the aerobic tank was recirculated to the anoxic tank by overow at a recycling ratio of 2.
The different operating conditions examined in this study are tabulated in Table 1 . Despite the changes made to NO 3 -N and NH 4 -N concentrations, the total inorganic nitrogen (TIN, i.e., NH 4 -N, NO 2 -N and NO 3 -N) concentration supplemented to the system was maintained at 75 mg N per L throughout the study. The system automatically performed a 30 second backwashing aer every 9.5 minutes of membrane ltration, comprising a 10 minute working phase. The relaxation duration between two working phases was adjusted to achieve a desired equivalent HRT. According to the manufacturer's suggestion, chemical cleaning (soaking the membrane module in 0.1% HClO solution for 1 hour followed by rinsing with running tap water) was applied once the transmembrane pressure (TMP) exceeded À35 kPa (severe fouling event). Sludge in the MBR was wasted through weekly sampling (30 mL from each tank for solids content measurements) to achieve a calculated solid retention time (SRT) of $187 days.
Analyses
Methods of conventional water chemistry analyses and acute aquatic toxicity bioassay are described in the (ESI †). 2.3.1 NA measurement. To assess the MBR performance on OSPW NA degradation, ultra-performance liquid chromatography coupled with high-resolution mass spectrometry (UPLC/ HRMS)
11 was performed to quantify classical and oxy-NAs in the feed and permeate samples at the end of each operating condition stage. With respect to permeate sampling, a volume of 10 mL was collected from totally 2.4 L of permeate water produced over three consecutive days for UPLC/HMRS analysis. The second of the three days was used as the nominal sampling date. To evaluate the MBR's NA degradation performance, percentile removal rates were calculated using the initial and remaining concentrations.
MiSeq sequencing.
A PowerSoil® DNA Isolation Kit from Mo-Bio Laboratories, Inc. (CA, USA) was used to extract DNA from collected sludge samples according to the manufacturer's manual. In addition, the fouling layer on the membrane surface was carefully scraped off by using a spatula and collected for DNA extraction. Extracted DNA samples were diluted to a concentration of $20 ng mL À1 before sending to a commercial laboratory (Research and Testing Laboratory, Texas, US). Samples were sequenced using Illumina MiSeq sequencing instruments and reagents according to the manufacturer's guidelines. Primers used for DNA amplication prior to MiSeq sequencing were 28F (GAGTTTGATCNTGGCTCAG) and 388R (TGCTGCCTCCCGTAG-GAGT). Raw sequence data were processed with the Quantitative Insights Into Microbial Ecology (QIIME, http://qiime.org) so-ware package with default settings. Operational taxonomic units (OTUs) were picked through using open-reference clustering algorithm. More details are given in our published reports. 45 Therefore, the performance of MBR for OSPW NA degradation could be advantageous over conventional activated sludge systems and biolm reactors. Fig. 1 is prepared to examine the effect of n and Z on biodegradation of NAs. A relative abundance of residual classical NAs (NA P ne /NA P ni ) is used to indicate the extent of biodegradation of NAs with each n. NA P ne denotes the total concentration of NAs with the same carbon number n in the effluent, while NA P ni is the total concentration of NAs with the same n in the inuent. Therefore, a lower NA Although the stages differed in operating conditions, similar patterns could be seen for NA P ne /NA P ni over the n range in Fig. 1A and B. For C9-12 and C19-23, a higher NA
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ratio is associated with a lower n, whereas a plateau or a slightly climbing trend of the NA P ne /NA P ni ratio is observed when n increases from 13 to 18 in Fig. 1A and B. As demonstrated in Fig. 2 and S3, † species with more carbon numbers were generally better degraded within each Z series, which is in agreement with our previous batch study. 44 In contrast, previous studies indicated that n has either negatively proportional correlation to or minor inuence on biodegradation of NAs. 14, 17, 46 This discrepancy evidences that the capabilities of biological systems are considerably inuenced by their congurations. In addition, it is noticed that, within each Z series, some NAs with smaller carbon numbers (e.g., n ¼ 9 and Z ¼ À6 in Fig. 2 ) were even increased aer biodegradation. It is thus suggested that some parent NAs with larger carbon numbers were biologically converted into NA species with smaller carbon numbers, which is consistent with our previous observation.
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In Fig. 1C and D, for |Z| ¼ 2 to 8, the NA P |Z|e /NA P |Z|i ratio is positively proportional to |Z|, whereas the |Z| range of 9 to 18 witnesses a relatively stable region. It is noticed that within each n series, an increased degree of cyclization (larger |Z|) generally resulted in poorer removal efficiency (Fig. 3 and S4 †) . This trend is not surprising as the biodegradation rate of NAs decreased with increasing cyclicity in both of commercial NAs and OSPW NAs according to previous research.
14 A reduction was observed for all the NAs with specic cyclicity (Fig. 1) , which suggested the occurrence of ring cleavage. Some NAs (e.g., n ¼ 14 and |Z| ¼ 10 in Fig. 3 ) were even enriched aer biodegradation. Hence, it is speculated that microorganisms might convert some parent NAs with higher cyclicity into species with less rings. 7, 25, 42 According to previous studies, the potential biodegradation pathways of aliphatic and alicyclic carboxylic acids include boxidation, combined a-and b-oxidation, and aromatization pathways.
14,47 These researchers suggested that b-oxidation is the most probable degradation pathways of OSPW NAs in engineered biological systems. Quaternary and tertiary carbons, at b or a position to the carboxylic group, would prevent or impede the proceeding of b-oxidation due to steric hindrance. This explains why the presence of alkyl branches and ring structures result in increased bio-resistance of NAs. In addition, it is claimed that a tertiary carbon in a ring is less favorable than tertiary carbons in an acyclic NAs as the ring creates further steric hindrance. Moreover, the previous researchers suggested that the intermediate product species generated during biodegradation of NAs could be even more recalcitrant to microbes depending on the occurrence and position of tertiary carbons. 14 Furthermore, NAs with larger n are generally more hydrophobic. 48 Within the same n series, a higher cyclicity tends to decrease the NA hydrophobicity. 48 Organic compounds of higher hydrophobicity (or higher lipophilicity) could easily attach onto or penetrate the bacterial cell envelope, possibly leading to better biodegradation under certain circumstances. [49] [50] [51] For those particular species, stronger hydrophobic interactions of NAs-NAs, NAs-ocs, and NAs-fouling layer were expected, which would result in elevated local concentrations of hydrophobic NAs. And the locally elevated concentrations of NAs would benet overall biodegradation of them as a threshold level of NAs exists for microorganisms to initiate the biodegradation process. (Fig. 4) . O3 and O4 oxy-NAs are conceivably worth more attention than O5 and O6 oxy-NAs owing to their dominating abundance. O4, O5, and O6 oxy-NAs were all degraded to a certain extent at each stage. In contrast, more O3 oxy-NAs were generated aer the MBR biological process at all stages except A25H48 and A25H12. O3 (probably hydroxylated NAs) and O4 oxy-NAs (probably hydroxylated NAs) are intermediates during aerobic biodegradation of classical NAs.
9,14,20,53,54 According to Martin et al., O3 species may be byproducts of more cyclic classical NAs. 9 The poorer removal of oxy-NAs might be attributed to the bioconversion of classical NAs. Some researchers reported unappreciable changes of O3 and O4 oxyNAs aer 98 days 14 and 84 days 55 of incubation. Therefore, the MBR in this study is competent for classical NAs and oxy-NA degradation. (Tables S1 and S2, † and Fig. S2 †) . The NO 2 -N concentrations of the MBR permeate were found negligible (#0.25 mg N per L) throughout the study (Fig. S2C †) , reecting the insusceptibility of nitrite oxidizing microorganisms against operating condition variation. With respect to TIN removal performance, the MBR showed more uctuations as the operating conditions changed, suggesting that denitriers might be more susceptible to changes of operating conditions and needed more time to adjust themselves. In addition to volatilization and biomass assimilation, the majority of NH 4 -N was oxidized into NO 3 -N by nitriers (Tables S1 and S2 , † and Fig. S2 †) . The biomass changes over time are presented in Table S3 . † Discussion within the following paragraphs will therefore be focused on how different inuent NH 4 -N concentrations affected the MBR's efficiency in degrading OSPW NAs when the HRT was 48 h.
Based on the removal efficiency of total classical NAs in Table 2 , NA P ne /NA P ni and NA P |Z|e /NA P |Z|i in Fig. 1, A75H48 showed the lowest effectiveness for OSPW treatment, which may be attributed to the toxicity of free ammonia (FA) caused by high NH 4 -N concentration. It is known that a higher total ammonia (NH 3 -N and NH 4 -N) concentration under an alkaline pH environment results in a higher concentration of FA, which has been reported to be inhibitory to nitriers and other microbes.
56,57 Based on Ford et al.'s study, 58 an FA concentration of $13.5 mg L À1 is estimated in the MBR at A75H48 stage.
In Fig. 1A , the two lines of A50H48 and A25H48 are weaved over the n range. The difference between the lines for A50H48 and A25H48 is insignicant (P ¼ 0.3360 > 0.05). For NAs of C12-17, A25H48 removed more NAs than A50H48 did, whereas the latter achieved higher removal of C9 and C20-23 NA species. Moreover, it is interesting to notice the residual abundance of C23 NAs at A75H48 was lower than that at A25H48. Therefore, it is suggested that higher concentrations of inuent NH 4 -N might be helpful to degradation of NAs with higher carbon numbers (i.e., n > 21 in this study). It is noticed that for |Z| of 4, 6, 8 and 10, A50H48 resulted in more (P ¼ 0.034 < 0.05) residual NAs than A25H48 (Fig. 1C) .
Among the three stages with an HRT of 48 h, A25H48 was the only stage that reduced the O3 oxy-NAs, whereas A75H48 and A50H48 increased the abundance of that group of oxy-NAs by 20% and 4%, respectively (Fig. 4) . As for O4 oxy-NAs, A25H48 showed the best degradation (33%). Regarding the removal of O5 and O6 oxy-NAs, A25H48 demonstrated either similar or higher performance than the other two stages.
Therefore, based on the higher removal rates of total classical NAs (33.7%) and total oxy-NAs (20%), the nitrogen composition used at A25H48 (25 mg NH 4 -N per L and 50 mg NO 3 -N per L) was selected for further trials on different HRTs. No clear correlation between HRT and oxy-NA degradation rate could be elucidated based on the data in this study. Among the four stages, A25H12 exhibited the highest overall removal of oxy-NAs (O3 + O4 + O5 + O6) (23.9%). Therefore, an HRT of 12 h is considered as the optimal on the basis of overall classical NA and oxy-NA removal.
Furthermore, it is not unconceivable that NA species with diverse molecular structures may have different bio-persistence, thus requiring different optimal operating conditions. Thousands of different NAs were present in the system, making it intricate to decipher the kinetics underlying. Previous researchers have reported enhancement of contaminant rejection performance by membrane biofouling. It has been suggested that the formation of biofouling may promote the microltration (MF) membrane rejection performance up to the nanoltration (NF) efficiency. 59 Solutes with higher molecular weights and more complex molecular structures tend to be better rejected by NF membrane. 60 In addition, it is apparent that the negatively charged deprotonated NA molecules confronted electrostatic repulsion from the membrane fouling layer. 60 Thus, NAs could be either repelled or adsorbed by the fouling layer, depending on the permeate dragging force, hydrophobic interaction and electrostatic repulsion. In our study, HRT of 12 hours led to the removal of NA with higher hydrophobicity (n > 21 and |Z| < 6) to a bigger extent (Fig. 1) , suggesting the contribution of fouling layer. Microbial community structure analyses indicate that the potential major degraders of NAs were also abundantly present in the membrane's fouling layer (biolm) (Section 3.2). Thus, the fouling layer formed on membrane surface may enhance the biodegradation of NAs through rejecting NAs thereby elevating the NAs concentration in the MBR sludge and on membrane surface. Organic and biological fouling in the MBR was not necessarily unfavorable in light of the improved NA degradation. It is therefore imperative to contain membrane fouling within a certain level to help mitigation of recalcitrant organic pollutants without signicantly increasing the demand of chemical cleaning and membrane replacement. Further study could be performed to look into the inuences of membrane/fouling-layer ltration on the removal of NAs in MBR.
Regarding the aquatic toxicity reduction, all six operating conditions effectively reduced the OSPW's inhibition effect to Vibrio scheri (Fig. S5 †) . Although the best detoxication percentage (37%) was achieved at the A25H12 stage based on the Microtox bioassay, the correlation between detoxication efficiency and NA (or oxy-NA) removal was vague. That is not unexpected as the acute toxicity is not only determined by NAs but also associated with other toxic organic compounds, such as aromatic compounds.
Microbial community characterization
Out of the great similarity caused by the internal recirculation between the anoxic and aerobic tanks, the OTU numbers of the two compartments were averaged for following analyses. As is shown in Fig. 5A-F , Rhodocyclales, Burkholderiales and Nitrosomonadales of the phyla Proteobacteria, Cytophagales, [Saprospirales] and Flavobacteriales of the phyla Bacteroidetes, Nitrospirales of the phyla Nitrospirae, and RB41 of the phyla Acidobacteria were arguably the most abundant microorganisms in the MBR throughout the whole operation.
It is found that the variations in relative abundances of some microbial species corresponded to the changes in MBR performance over the different operating conditions. The relative abundance of Rhodocyclales of sludge samples over the stages was positively correlated to the MBR's denitrication performance with an r p of 0.790. More interestingly, Rhodocyclales demonstrated strong positive correlations (r p > 0.700) to removal rates of C12-17 NAs and 3-4 ringed NAs (Tables S4 and  S5 †) . In comparison, Cytophagales showed positive correlations to removal rates of C19-23 NAs (r p $ 0.755) and 7-8 ringed (r p $ 0.680) NAs. In addition, relative abundances of Burkholderiales, RB41, and Deinococcales showed moderate positive correlation with removal rate of C23 classical NAs. It is, therefore, suggested that degradation of NAs with different molecular structures were completed by different microbial species either synergistically or independently. To conrm this, further effort should be made by using isolated bacterial cultures and model compounds. Fig. 5G and H delineate the 10 most abundant bacterial orders of the two samples collected from membrane cake layers. All the major orders were commonly found in both of sludge samples and their corresponding cake layer samples. Some bacteria, such as Rhodocyclales and Cytophagales, were found more in the sludge samples, whereas some others, such as Nitrospirales, were more abundant in the cake layer samples. It is also found that the microbial community of membrane cake layer was affected by the suspended growth community. For instance, stage A25H24 witnessed more Rhodocyclales in both of sludge and cake layer microbial communities than stage A50H48 did. Furthermore, the similar dominant microorganisms in the sludge samples and their corresponding cake layer samples imply that the microorganisms inhabiting membrane cake layer might contribute to degradation of NAs given that biolm systems have proven their effectiveness on OSPW NA degradation.
Researchers have reported dominating b-Proteobacteria in oil sands tailings ponds as degrader of NAs and aromatic hydrocarbons, 61 which explains the high abundance of b-Proteobacteria detected in this study. Rhodocyclales are responsible for denitrication and degradation of aromatic hydrocarbons. 62 
Burkholderiales,
Cytophagales, Nitrosomonadales and Flavobacteriales have been linked to degradation of bio-recalcitrant hydrocarbons including NAs. [63] [64] [65] [66] [67] [68] [69] The high population of Nitrosomonadales (ammonium oxidizers) and Nitrospirales (nitrite oxidizers) justies the excellent nitrication performance of the MBR over the whole study. Alpha diversity indices, Chao1, observed species, and Shannon were computed through rarefaction (Table S6 †) . A25H12 had the lowest bacterial richness among the six stages. It is interesting to notice that 5% of the count of genera constituted over 70% of the total bacterial abundance (Table S7 †) for every operating condition, suggesting that the majority of the species richness was originated from numerically minor microbial species. Given that the A25H12 stage demonstrated the best classical and oxidized NA removal rates, it is suggested that numerically minor microbial species might not contribute to the MBR's NA degradation performance though their existence largely affected the species richness of the community. This is in accordance to previous research.
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The MBR also demonstrated excellent anti-fouling performance. The rst severe fouling was not observed until aer 433 days of continuous operation. Within the whole 742 day operation, only six severe fouling events occurred. Detailed results on membrane fouling behavior, major foulants, and fouling layer microbial community structure are available elsewhere. 
Conclusion
Aer more than one year of continuous operation, the MBR's performance on OSPW NA degradation was successfully improved through changing the supplemented inorganic nitrogen composition and HRT. The study showed that neither higher supplemented NH 4 -N concentrations nor longer HRTs guaranteed a better NA removal. Instead, an NH 4 -N concentration of 25 mg L À1 and an HRT of 12 h demonstrated the best removal rates of total classical NAs (37.6%) and total oxy-NAs (23.9%). Classical NAs with larger carbon numbers were generally better mitigated in the MBR; and species with higher cyclicity were more persistent to microorganisms. Moreover, MiSeq sequencing analyses revealed that orders of Proteobacteria (e.g., Rhodocyclales and Burkholderiales), Bacteroidetes (e.g., Cytophagales and Flavobacteriales), and Nitrospirae (i.e., Nitrospirales) were the dominating microbial groups over the whole study duration though their relative abundances varied as the operating conditions changed. In the next stage, biolm process would be added into the reactor to further enhance the removal efficiency. For instance, biodegradation of commercial NA model compounds has been studied based on biochar and granular activated carbon (GAC), which demonstrated quite encouraging performance. It is interesting to investigate whether the integration of bioadsorption into the MBR would enhance its OSPW NA degradation. 72, 73 Further efforts may also be made using model compounds and isolated bacteria cultures to verify the contribution and specicity of those microbes to degradation of NAs with certain molecular structural features. The nd-ings from this study could be illuminating to future studies and projects on MBRs and other biological processes for not only OSPW treatment but also other impaired waters containing recalcitrant organic contaminants, such as shale gas produced water.
